Directly measured velocity data collected in Lake Superior between 2008 and 2011 show that currents in the open waters of the lake are dominated by near-inertial energy. The near-inertial signal is composed almost entirely of clockwise rotation, with vertical structure dominated by the first baroclinic mode, where waters above and below the thermocline are roughly 180u out of phase with each other. The strength of the oscillations is strongly related to the strength of the stratification; in periods of the year when the water column is well-mixed (typically late autumn and late spring) the near-inertial signal is very weak; when stratification exists, near-inertial oscillations can occur. Combining the velocity amplitudes with an estimate of the thermocline displacement allows estimation of the dominant direction and horizontal wavelength of the near-inertial field, showing that horizontal wavelengths are on the order of 50-100 km, and the direction of the waves veers counter-clockwise over the course of the season with a period of , 1 month. Observations of backscatter suggest that inertial oscillations may be responsible for re-suspension of bottom sediments, which could have significant ecological consequences.
Near-inertial motions, often referred to as near-inertial oscillations, are the result of the propagation of Poincaré waves with frequencies just greater than the local inertial frequency, either along the surface of a body of water, or as internal waves along a density interface in a stratified water column. They represent a dynamic balance between inertia, rotation, and pressure gradients (Gill 1982) . They are manifested locally by a nearly circular clockwise (in the Northern Hemisphere) velocity signal, and by vertical displacement of isopycnals. In the limit that their horizontal wavelength is large compared with the Rossby radius, their frequency approaches f (where f 5 2Vsinl is the Coriolis parameter, V is the Earth's rotational frequency, and l is the local latitude; for Lake Superior the inertial period varies from north to south between 16.0 h and 16.5 h); at finite wavelengths they have frequencies greater than f. In the limit that their wavelength is short relative to the Rossby radius, their frequency increases and they approximate gravity waves. Due to their nature as progressive waves with a transverse velocity component, there are no standing wave solutions in closed basins; instead, their magnitude must decrease near the coast (Antenucci and Imberger 2001) . This results in, among other things, essentially no energy near the inertial band above background in coastal water-level records (Mortimer and Fee 1976) . The relative sparseness of open-water current records from large lakes, therefore, limits our observational knowledge of inertial energy in large lakes.
Extensive observations of open ocean currents exist (Pollard 1970 (Pollard , 1980 Alford 2001) , so the behavior of inertial currents in the oceanic context is far better characterized.
A large body of work exists that describes and models Poincaré and Kelvin waves in Lake Kinneret (the Sea of Galilee), with an emphasis on the energy partition in these systems (Antenucci and Imberger 2001; Boegman et al. 2003; Shimizu and Imberger 2010) . Lake Kinneret, in some sense, is a very different system from Lake Superior due to its small size, resulting in a relatively large Burger number (on the order of 0.5; Antenucci et al. 2000) defined as the ratio of the internal Rossby radius to the horizontal scale of the basin. Because of this, much of the focus of the work on Kinneret and other large-Burger-number lakes, such as Lake Geneva (Bauer et al. 1981) , focus on normal mode analysis of the wave field, both from an observational and a modeling perspective. Further, in these relatively small lakes, coastally trapped Kelvin waves play a significant role in the near-inertial response. Lake Superior is a smallBurger-number lake (on the order of 0.01); therefore, this manuscript takes a different approach, treating the waves as propagating plane waves and determining a 'wave climate' for the lake, much as one might when trying to describe the non-rotational surface gravity wave field.
Most of the work on small-Burger-number lakes (i.e., lakes large compared with the internal Rossby radius) has been done in the Laurentian Great Lakes. A great deal of effort was put into studying the near-inertial band in lakes in the 1960s and 1970s, using technologies that have understandably been surpassed in the intervening years. Descriptions of inertial oscillations exist for Lake Erie (Boyce and Chiocchio 1987) , Lake Ontario (Schwab 1977; Marmorino 1978; Mortimer 2006) , and Lake Michigan (Mortimer 2006) . Of particular importance in these early studies of near-inertial motions is the analysis of Marmorino (1978) , who provided a thorough description of nearinertial currents at a number of locations in Lake Ontario during the International Field Year in the Great Lakes. Significantly, several locations had current data (taken with vector-averaging current meters) at multiple depths in the water column-typically one measurement near the surface and one near the bottom. These showed that the response during stratified periods was baroclinic, with a 180u phase difference between surface and bottom currents. During unstratified periods, free oscillations were very weak. Marmorino's (1978) results are consistent with those described in this manuscript, but were limited by the observational techniques available at the time. Recent work by Choi et al. (2012) describes in some detail the seasonal cycle of near-inertial waves in Lake Michigan, focusing on stratification dependence and on the potential for wavedriven mixing. In addition, near-inertial waves represent a plausible mechanism for the re-suspension of bottom sediment (Hawley 2004) .
In fact, remarkably few direct observations of velocity in the open waters of large lakes exist in the literature, regardless of time scale, compared with many other fundamental properties. For Lake Superior in particular, directly measured current data are surprisingly sparse. Harrington (1895) made inferences about drift patterns from surface drift bottles, and other drift-bottle experiments established general trends in lake circulation, namely that there tends to be a general counter-clockwise direction to the mean circulation (Hughes et al. 1970) . Sloss and Saylor (1976) summarized current data from two limited deployments in Lake Superior during summer 1967 and 1973, including at several open-lake sites. They found strong currents near shore, especially along the Keweenaw, and relatively weak currents in the offshore stations. The offshore stations showed intermittent nearinertial energy, though the authors do not go into any great detail. Currents on the Keweenaw peninsula have also received regional attention both from Viekman and Wimbush (1993) , who considered the vertical structure of the Keweenaw current, and from the Keweenaw Interdisciplinary Transport Experiment in Superior program, with sites on the northwestern flank of the Keweenaw peninsula (Churchill et al. 2004 ). These included Acoustic Doppler Current Profiler (ADCP) and Benthic Acoustic Stress Sensor observations at several of the sites. These sites were close enough to shore that the currents were dominated by windand buoyancy-driven circulation, and the published work on this data set focuses on largely on sub-inertial processes.
Much of the modeling work that has focused on the near-inertial band has been done in the context of normal modes of the system (Rao and Schwab 1976; Antenucci and Imberger 2001) . Modeling in Lake Superior is limited, though a few recent manuscripts (Bennington et al. 2010; White et al. 2012 ) have presented modeling work on Superior using finite difference models. The focus in both of these papers is on seasonal cycles in thermal structure, sub-inertial currents, ice cover, and biogeochemistry of the lake, rather than on near-inertial processes. A modeling study by Zhu et al. (2001) , investigating circulation on the Keweenaw Peninsula, showed that there was substantial inertial energy in the coastal region, and that the magnitude of the oscillations decreased close to shore, consistent with previous studies (Antenucci and Imberger 2001) . Little, if anything, is known about lake-wide distributions of inertial energy in Lake Superior, or indeed in other large lakes, a topic we intend to address in a subsequent manuscript.
In this manuscript, several years of data from three locations in Lake Superior are considered, verifying the strong link between stratification and the strength of nearinertial oscillations. Variability in the density field is considered in conjunction with that of the velocity field. Unlike much of the previous literature, which has focused on large-Burger-number lakes, the results are interpreted in the context of plane-wave propagation, allowing the estimation of parameters such as the predominant wavelength and direction of the wave field. Finally, the role that these oscillations may play in the timing and distribution of sediment re-suspension is considered.
Methods
Between 2005 and the present (2012), one or more moorings have been deployed at several locations around Lake Superior (Fig. 1) . The Western (WM), Central (CM), and Eastern (EM) moorings are coincident with National Oceanic and Atmospheric Administration (NOAA) National Data Buoy Center (NDBC) buoys 45006, 45001, and 45004, respectively, and they form the 'core' deployment. (Other moorings-Far Western, Far Eastern, Northern, and Southern-were added to increase spatial coverage of temperature measurements of the lake, but will not be considered here because none of these regularly carried current meters.) WM has been deployed continuously since autumn 2005; CM and EM were added in spring 2008. The moorings considered here have all been recovered and replaced twice per year since their inception in order to recover data, replace batteries, swap out failed sensors, and swap out sensors in need of calibration. A bad batch of mooring wire used on deployments in autumn 2009 resulted in the failure of CM and WM in early 2010, and the loss of some or all of the data from those moorings, resulting in the most significant data gap in the data set.
Starting in 2007, some core moorings carried RDI 300kHz Workhorse Acoustic Doppler Current Meters (ADCPs), upward looking at 80 m depth in inline cages on the moorings, to observe the upper portion of the water column. For the autumn 2010 deployment, a downwardlooking 600kHz ADCP was placed , 30 m above the bottom at WM. Batteries were replaced for every deployment, and each ADCP had its compass calibrated after every battery replacement. Magnetic deviation in the Lake Superior area is on the order of 0-5u and is not corrected for. Data from near the surface (or bottom) corrupted by acoustic reflections from the surface (bottom) were discarded. Some depth levels appear to be corrupted by instruments on the mooring line; specifically, TR-1000 thermistors used on the moorings were large and had metal pressure cases, with an apparently significant acoustic signature, resulting in reduced velocity estimates. These data were removed manually, and velocities at those depths interpolated. Data were collected every 20 min, using 2 m bins, except for the 600kHz ADCP, which were collected using 1 m bins.
While this manuscript considers primarily the velocity data collected, it also considers the near-inertial signal in the temperature field. All of the moorings carried multiple thermistors, from near the surface to immediately above the mooring's acoustic release (typically about 6 m off the bottom). Due to U.S. Coast Guard restrictions, no instrumentation was placed in the top 10 m of the water column. These moorings were co-located with NOAA NDBC surface meteorology buoys, and their near-surface (1 m) temperature measurements are used to fill in nearsurface temperatures. These data are typically available from roughly April-November. In the winter months there is no significant stratification in the upper water column, and our 10 m measurement is a reasonable estimate of surface temperature. Thermistors were a combination of Brancker Research TR-1000, TR-1050, TR-1060, and TD-2050 (the last of which incorporates a pressure sensor), and Seabird Electronics SBE-39 (temperature) and SBE-39P (temperature and pressure) sensors. Depending on the sensor, data were collected every 10 min (TR-1000s, SBE sensors) or every 1 min (TR-1050 , TR-1060 , and TD-2050 . Rapidly sampling sensors were interspersed with slower sensors. All temperature data shown in this paper has been averaged down to 1 h. All moorings had one or more pressure sensors so that the true depth of sensors could be determined in post-processing. The temperature data will be considered in more detail in a subsequent manuscript.
Further data are considered from two publically accessible sources. Wind velocities and 1 m water temperatures are taken from NOAA NDBC buoys located in Lake Superior; data are available at www.ndbc.noaa.gov. Water-level data are briefly discussed; data are available at water.usgs.gov.
Results
As an example of the data collected, the raw zonal ( Fig. 2A) and meridional (Fig. 2B ) component of velocity from WM from depths between 6 m and 75 m during summer 2010 (17 Jun-09 Sep) show strong oscillations, with velocities up to 40 cm s 21 . Vertically averaged and low-pass filtered (using a 40 h half-power low pass filter; Beardsley et al. 1985) data (shown in black) show very weak synoptic circulation. Zooming in on a small portion of the zonal velocity data (Fig. 2C) shows clear, regular oscillations with a period of , 16 h, displaying a roughly two-layer system, with strong currents in roughly the top 20 m and weak opposing currents below that. For a sense of scale, a near-inertial oscillation with an amplitude of 10 cm s 21 corresponds to a circular path with a radius of , 1 km.
Mean values of the data from all of the deployments at WM and EM (shown as lines in Fig. 1 White et al. 2012) . At WM, the vertically averaged mean current is on the order of 2 cm s 21 directed to the south-southeast, roughly along isobaths (Fig. 1) . Each line depicts a different ADCP deployment record, and there appears to be no clear trend regarding whether the data are from near the surface or the bottom, or collected starting in spring or autumn. Likewise, the EM site displays mean currents on the order of 1-2 cm s 21 , directed north. CM, contrary to this trend, shows very weak circulation oriented, on average, to the east, but with a wide spread in direction and with very small magnitudes (, 0.5 cm s 21 ) in each of the three deployments. It should be noted that in all of these cases, the variance is far larger than the mean.
A rotary spectrum ( Fig. 3A ; Gonella 1972) of the vertically averaged velocity (over the top 20 m) at WM during summer 2010 (as in Fig. 2 ) shows a broad, dominant peak in energy around 16 h in the clockwise component, and no energy above background in the counter-clockwise component, consistent with the behavior of near-inertial oscillations in the Northern hemisphere. The ellipticity of an oscillation is a function of the ratio of clockwise to counter-clockwise energy, and the absence of counter-clockwise energy around the inertial peak suggests that oscillations in the near-inertial band are very nearly circular. A secondary peak, two orders of magnitude weaker, occurs at roughly 3 cycles d 21 (cpd), due to the barotropic seiche behavior of the lake, which has a dominant period of 7.69 h (Mortimer and Fee 1976; Rao and Schwab 1976) . Interestingly, there is more energy in the clockwise mode than the counter-clockwise mode at the seiche frequency, suggesting the response is elliptical, and that rotation plays a significant role in the open-lake velocity response of the seiche. Diurnal and semi-diurnal tidal frequencies, easily observable in coastal lake level records ( Fig. 3D ; Mortimer and Fee 1976) , are obscured in the velocity spectrum by inertial energy. Spectra of velocity from the other open-water sites show similar patterns. In conclusion, the rotary spectrum shows that the majority of kinetic energy in the open lake is found in the clockwise near-inertial band.
In order to study the temporal variability of near-inertial oscillations, the data were convoluted with clockwise-and counter-clockwise-rotating Morlet wavelets (Liu and Miller 1996) of the form The amplitude of the wavelet is normalized so that the result reflects the amplitude of the oscillations. The power is determined using
Where U 5 u + iv is the complex representation of velocity, with u the zonal velocity and v the meridional velocity, so that P yields information about both the magnitude and phase of near-inertial oscillations. Applying this to the vertically averaged velocity over the top 40 m from all three mooring sites (Fig. 4A-C) shows a distinct semi-annual signal, with strong clockwise oscillations (in red) during the summer and autumn, weak oscillations in the winter, and virtually no clockwise energy present at the inertial frequency in transitional periods. The counter-clockwise signal is uniformly small (in grey). When the surface-bottom density difference is plotted on top of this (in green), it is clear that oscillations occur during periods of stratification, and disappear when stratification disappears during the early summer and early autumn, when the entire water column is well-mixed due to convective mixing. The relationship between the amplitude of inertial oscillations and the bulk stratification is not straightforward. Periods of high density difference, such as in the early portion of the positively stratified season (typically Jul) are often characterized by relatively weak winds, and hence the forcing that would initiate inertial events is weak. Conversely, in the later parts of the positively stratified season, although the stratification is weakening (typically Sep-Nov) the winds are more energetic, and larger inertial episodes occur. Good examples of this can be seen at EM in 2009 and at CM and EM in 2010. Near-inertial oscillations during periods of negative stratification (below 4uC) tend to be weaker, even though the wind forcing in the winter tends to be more energetic. In some sense, the strength of stratification provides an amplitude 'envelope' on the magnitude of nearinertial oscillations, but by itself does not predict their strength.
Winter stratification varies significantly inter-annually. In winter 2008-2009, for example, the bulk density difference is large; inertial oscillations at WM were nearly as large as summer magnitudes. However, at EM in winter 2009-2010, little, if any, density difference was developed over the water column because the surface waters were never more than 1 K cooler than bottom temperatures. In this case, the magnitude of the inertial oscillations remained small.
To examine the vertical structure, the magnitude of inertial oscillations is computed as a function of depth, again using a wavelet tuned to the inertial period, and utilizing the WM data from summer 2010. The magnitude of inertial energy (Fig. 5A ) is clearly surface-intensified, with a large event occurring in late July and secondary events occurring in August and September. There is a band of low energy just below this that appears to deepen over the course of the deployment, below which is inertial energy, which while weaker than the surface signature, appears roughly proportional in magnitude to the surface signature throughout the deployment. Comparing this to the temperature structure (Fig. 5C ) it is clear that the thermocline separates these two layers, though the separation appears below the thermocline rather than coincident with it.
In order to illustrate the phase structure of these oscillations, it is useful to subtract the phase at the surface from the phase throughout the water column; this suppresses phase drift in time, but clearly illustrates phase difference with depth (Fig. 5B) . Prior to the onset of stratification at the beginning of July, the relationship is messy. However, when stratification is well-defined (roughly from the beginning of Jul onward), the surface layer is of uniform phase (blue), and the lower layer is roughly 180u out of phase with the surface (red and orange). The jump in phase is sharp, and is roughly coincident with the bottom of the thermocline. The phase relationship between the surface and lower layer is less well-defined when the oscillations are weak.
A similar analysis was performed for the autumn 2010 deployment, during which there was an ADCP moored at WM at 155 m depth, facing down, so that it recorded nearbottom velocities. Velocities were recorded from roughly 29 m above the bottom to 3 m above the bottom (mab). Raw zonal (Fig. 6A) and meridional (Fig. 6B) velocities between 4 mab and 30 mab (shown in grey) rarely exceed 10 cm s 21 , and velocities are more typically on the order of just a few cm s 21 . The low-pass filtered mean velocities over the bottom 30 m (Fig. 6A,B , shown in black) are on the order of just a few cm s 21 , and the meridional velocities are stronger than the zonal velocities. The clockwise nearinertial band contains the majority of the kinetic energy at the bottom, and is coherent with the surface signal (Fig. 7A,B) . Periods of weak inertial energy in December 2010 and May-June 2011 correspond to a weakly stratified water column (Fig. 7D) . Counter-clockwise energy (not shown) is uniformly weak throughout the deployment, as with the near-surface records. Comparing the amplitudes and phases between this near-bottom ADCP and an upward-looking ADCP at 80 m depth provides a view of the whole-water column behavior. The magnitude of the clockwise inertial signal in the top 80 m (Fig. 7A) and the bottom 30 m (Fig. 7B ) on the same scales shows that events occur throughout the water column. For September through November, the surface signal tends to be significantly stronger than the bottom signal; whereas, for February through April, the signals have close to the same magnitude. The phase difference between the surface and bottom (using the velocity records from 20 m and 165 m; Fig. 7C ) is nearly always very close to 180u, showing that even when the water column is effectively unstratified (e.g., Dec-Jan or May-Jun), what weak signal exists in the CW mode still has a phase difference of 180u between the surface and bottom response, again demonstrating the dominance of the first baroclinic mode.
One of the clearest manifestations of near-inertial oscillations beyond the currents themselves is found in the temperature field, which is measured by thermistors at multiple depths at each location (Fig. 2D) . The thermocline undergoes significant vertical excursions during nearinertial episodes, with displacements of isotherms of . 10 m in some cases. A spectrum of summer 2010 temperature at 13 m (Fig. 3C) demonstrates that most of the variability in the temperature field is occurring around the near-inertial band, with a statistically insignificant peak around the barotropic seiche frequency. The phase relationship between the temperature field and the velocity field is not fixed, and depends on the direction of the waves.
Discussion
The observations show that kinetic energy in the lake appears dominated by a simple two-layer baroclinic mode, with the two layers 180u out of phase with each other. Applying a plane-wave solution,
where u and v are the zonal and meridional velocity components, respectively, g is an interface displacement, n is the layer number (either 1 or 2, in the case to follow), k is the horizontal wavenumber, and v is the angular frequency, to the two-layer shallow water problem (assuming the waves propagate in the x-direction, without loss of generality) yields dispersion relationships:
for the barotropic mode and
for the baroclinic mode (assuming a rigid lid), where v is the frequency of the oscillation, f is the Coriolis parameter (1.1 3 10 24 s 21 for Lake Superior, corresponding to a period of 16.1 h), g 5 9.81 m s 22 is gravitational acceleration, H is the total water depth (160 m, on average, for Lake Superior), k is the horizontal wavenumber (so that l 5 2p/k is the wavelength), g9 is the reduced gravity, defined as g9 5 (Dr/r 0 ) where Dr is the difference in density between the two layers, r 0 is an average density with Dr % r 0 , and h 1 and h 2 are the top and bottom layer thicknesses, respectively. In this case, for an eastward propagating wave, the solutions to the first baroclinic mode are 
where u 10 is the magnitude of the zonal velocity in the surface layer, which is unconstrained because this is a free wave solution. The dispersion relationship for the barotropic mode (Eq. 2) yields wavelengths for near-inertial energy far greater than the basin scale, because the external Rossby radius is on the order of 400 km, and hence these wave cannot exist in the basin at any significant magnitude. Indeed, a spectrum of surface displacement (Fig. 3D ) shows negligible energy above background around the inertial frequency. On the other hand, because the internal Rossby radius is on the order of 5 km (assuming layer thicknesses of 20 m and 140 m, and Dr/r 0 , 0.001), it is possible for near-inertial oscillations to exist for the baroclinic mode in a closed basin, though their magnitudes must necessarily decrease near horizontal boundaries. The fact that the majority of the energy is located close to the inertial frequency is a consequence of the energy distribution in the wind-forcing of the lakespecifically, relatively long spatial and slow temporal scales. Waves at frequencies higher than the inertial frequency are necessarily evanescent (given the nature of the dispersion relationships for both modes) and hence decay with time. Waves with frequencies just faster than the inertial frequency are therefore most strongly forced. A rotary spectrum of wind velocity over Lake Superior from WM during summer 2010 (Fig. 3B ) is strongly red (e.g., stronger at lower frequencies), and shows no significant energy above background at the inertial frequency. Interestingly, the spectrum shows a significant excess of energy in the clockwise mode at periods longer than 1 d, a characteristic shared by the other buoy sites (not shown). We can explain a handful of features using the solutions for the first baroclinic mode. Although the observed behavior is the superposition of waves of similar frequencies from many directions, we can still make an estimate of the dominant wave field. The fact that the magnitude of the meridional and zonal velocities for each layer are related by a factor of f/v (Eq. 4B,D) is consistent with our observations: in this case v < f, and we observe nearly circular, clockwise behavior. Secondly, velocities in the upper and lower layers are related by a factor of h 1 /h 2 , which is roughly 0.1-0.2 during the period of positive stratification (Eq. 4C,D), also observed in that the thin surface layer has velocities many times that of the thicker lower layer (Figs. 2C, 5A) .
The horizontal wavenumber k appears as a coefficient only in the expression for the interfacial displacement. We can therefore estimate the magnitude of the wavenumber (and hence the wavelength) by taking the ratio of the interfacial displacement amplitude (Eq. 4E) to the upperlayer zonal velocity (Eq. 4A):
so that larger relative displacements of the thermocline are associated with shorter horizontal wavelength. The timevarying surface-layer thickness h 1 was estimated by applying a low-pass filter (Beardsley et al. 1985) to the penetration-depth metric of Austin and Allen (2011) ; this is an objective measure of the vertical scale of the surface layer, which is essentially a ratio of vertically integrated temperature to surface-bottom temperature difference. The time-varying magnitudes g 2 and u 1 are then estimated using wavelet analysis of the penetration depth and surface zonal velocity, respectively. These techniques were applied to data collected at both WM and EM in summer 2010 ( Fig. 8 ; CM had no ADCP during summer 2010). During significant events, such as that at the end of July 2010 at WM (Fig. 8A) , horizontal wavelengths appear to be on the order of 30-60 km, several times the internal Rossby radius. Wavelengths at EM appear, in general, to be somewhat longer.
The interfacial displacement and surface-layer velocities can also be combined to yield information about the dominant direction of the waves. The solution shows that the interface crests when the surface-layer velocity is in the opposite direction of wave propagation. Therefore, the wave direction can be determined from the phase difference between the surface-layer velocity and the interface displacement. For example, when waves are propagating to the east, the interface will be at its lowest position when the velocity in the upper layer is also to the east. The estimated wave direction (Fig. 8B) shows no preferential direction for these waves over the course of the season. Remarkably, a slow counter-clockwise veering of the predominant wave direction occurs over the course of the season with a period of , 1 month at both sites, although the absolute direction does not agree between the two sites. Perhaps coincidentally, this is the same direction and has a similar period as the lowest order internal Kelvin wave, assuming a basin circumference of 1200 km and a Kelvin wave speed of 0.42 m s 21 (corresponding to values for h 1 , h 2 , and g9 already used), though the connection between these is unclear.
The group speed can be estimated from the dispersion relationship, and we find that for small k (e.g., relatively long waves), the group speed is roughly
which, for the value of k estimated above, and assuming layer thicknesses of 20 m and 140 m, results in a group speed of roughly 0.22 m s 21 . At this speed it would take weeks for a wave packet to cross the lake, and the observed response at a given open-lake location is likely to be locally (or at most regionally) forced, and spatial structure in the forcing field is going to play an important role in the response at a specific location. This is reflected in the fact that the magnitude of the response appears substantially different at the different sites (Fig. 4) . The bottom velocities observed at WM during autumn 2010-spring 2011 are typically , 10 cm s 21 (Fig. 6A,B) and therefore not fast enough to re-suspend sediment. However, three transects of the western arm of Lake Superior (Fig. 1) made by an autonomous underwater glider during 2011 and 2012 (Austin, in press) suggest a strong relationship between sediment re-suspension and stratification, as suggested by Urban et al. (2004) , and tied to inertial oscillations by Hawley (2004) . In a transect taken in September 2011 during a period of strong stratification, sediment re-suspension is enhanced between roughly the 40 m and 80 m isobaths (Fig. 9) , with less resuspension evident in shallower or deeper water. This distribution was observed repeatedly from July through November, the period of strong stratification in this region, and the magnitude of this re-suspension appears uncorrelated with recent wind events. We hypothesize that re-suspension is low outside of this depth range for the following reasons. First, the magnitude of the inertial response in the lower layer should increase with decreasing thickness of the lower layer (Eq. 4C,D), resulting in low suspension in deeper waters. Second, the near-inertial response must decrease close to shore in order to match boundary conditions (Antenucci and Imberger 2001) , resulting in low nearshore re-suspension. It is possible that sediment re-suspension in the open lake is dominated by near-inertial oscillations, which can be strong even in periods of quiescent winds, but that they occur only in a relatively narrow range of depths. A survey on 01 December 2011 shows a period after the breakdown of strong stratification, and the re-suspension is relatively weak except in a small region very close to shore. Finally, a survey performed on 12 May 2012, during the offshore migration of the thermal bar, shows a region of strong resuspension within 10 km of shore, where stratification has formed. In the region offshore of the thermal bar (presumably dominated by convective overturn), little, if any, re-suspension is occurring. This suggests a strong relationship between re-suspension and the spatial and temporal distribution of near-inertial energy near the bottom of the lake. This mechanism may be particularly important, because bottom sediments have been shown to be enriched in biogenic compounds, including phosphorous (Urban et al. 2004) , which is a limiting nutrient in Lake Superior (Weiler 1978) . This suggests that the timing of strong inertial oscillations may play a fundamental role in driving large-lake ecosystems. This hypothesis will be pursued in a subsequent manuscript.
